Abstract: This paper presents a control method which combines sliding mode approach of direct power control and operates with constant switching frequency. This novel scheme Sliding Mode Constant Switching Frequency Direct Power Control (SM-CSF-DPC) employs a nonlinear sliding mode control (SMC) approach to directly calculate the required converter's control voltage. The constant switching frequency (CSF) is achieved by using space vector modulation (SVM). In this novel scheme, the extra current control loops are eliminated, which simplifies the system design and enhances the transient performance. The improved strategy is tested on a simulation model of a two level VSC and compared with the conventional switching table direct power control (ST-DPC) strategy. The proposed SM-CSF-DPC methods have very good results both in steady-state and transients. It is shown that the proposed DPC exhibits several features, such as a simple algorithm, constant switching frequency, robust to power step change, step change of referenced DC voltage and is capable of providing enhanced transient performance in case of line voltage sags.
into the control systems of the power electronics devices have been proposed in plenty of papers [9] [10] [11] . The research on Sliding-Mode Control in application to the PWM rectifiers is described in [12] . The principles of Sliding-Mode Control have also been applied to design of the control systems for the active power filters [13] , [14] that power circuits refer to the topology of the typical three-phase two-level PWM rectifiers. Since the Sliding-Mode Control approach has no fixed switching frequency its application to provide the PWM pattern for the power converters may result in higher level of the switching power losses. Hence the assumptions of constant frequency Sliding-Mode Control have been elaborated and applied into the switched-mode power converters including the PWM rectifiers [15] [16] [17] .
A combination of methods and strategies results in diverse control concepts used in grid connected VSC. Such, the mixed DPC-SVM approach is an adaptation of VFOC and VF-DPC techniques, Adaptive Band Hysteresis (ABH) Current Control, sliding-control type approach is combined with predictive computing of voltage application times [18] .
The contribution of this paper is to combine the conventional Switching Table based Direct Power Control (ST-DPC) strategy, sliding mode (SM) control approach and using an space vector modulation (SVM) for operated with constant switching frequency (CSF), so as to directly regulate the instantaneous active and reactive powers of grid-connected voltage source converter and controlling the dc-bus voltage.
Grid Connected Voltage Source Converter model
The proposed system configuration is shown in Figure 1 . Considering the supply grid and the output from a three-phase voltage-sourced PWM converter as ideal voltage sources, Figure  2 shows the simplified equivalent circuit of the grid-connected bidirectional PWM converter in the stationary reference frame. According to Figure 2 , the relationship between the supply, converter voltages, and line currents in the stationary reference frame is given as: Figure 1 . The PWM VSC converter placed inside the conversion chain system Figure 2 . Equivalent circuit of the grid-connected PWM converter in the stationary frame.
In the stationary reference frame and for a balanced three-phase system, the instantaneous active and reactive power outputs, seen from the grid side, can be defined as: (6) Based on (1), the instantaneous current variations can be expressed with respective components as
It is possible to predict the power behavior knowing the instantaneous variations of the active and reactive power, which can be expressed as equations: Theαβ plane is divided into twelve sectors. The relation between sectors and space vector position γ can be expressed as for line voltage space vector: Figure 4 shows the control scheme of proposed SM-CSF-DPC. System uses linear PI controller in outer DC-link voltage stabilization loop, which produces active power reference for the active power controller. Instantaneous active and reactive powers are calculated on the basis of line voltages, and line currents measurement. The developed SM-CSF-DPC strategy is capable of directly generating converter voltage reference in the stationary reference frame according to the instantaneous active and reactive power errors. Accordingly, the required converter's voltage αβ The design of the sliding mode control supports the problems of stability and the desired performance in a systematic way. The implementation of this control method is performed in three main steps. A SMC approach is proposed and designed for grid-connected dc/ac converters in the following section.
Control Scheme of the proposed SM-CSF-DPC

A. Sliding surface
The core of the design of the Sliding-Mode Control system is the definition of the sliding surface which is the track to be mapped by the system trajectory while converging towards the origin. In order to maintain the enhanced transient response and minimize the steady-state error, the switching surfaces can be in the integral forms and defined by: Since it is necessary that the system trajectories in the vicinity of the sliding surface s(x)=0 are oriented towards it, the sufficient condition for the sliding-mode existence can be derived from the equations: 
B. Design of the control law
In the sliding mode control law design, the task is to force the system state trajectory to the interaction of the switching surfaces. The constant switching frequency (CSF) is achieved by using space vector modulation (SVM) and the sliding mode control scheme is suggested to generate the converter output voltage reference as the input to SVM module.
C. Space vector modulation
The SVM bases on vector representation and the proportional selection of converter available states during the switching period. In two-level converter there are six active vectors and two zero vectors shown in Figure 5 to choose from. The states are the same as in the case of six-step modulation. The main idea behind SVM is that it uses formula to calculate timing of active and zero vectors. The 1 t and 2 t are the duration time of two neighbor's active states in given sector, the rest of the time 0 t is used for zero vectors.
From Figure 5 , the switching time duration can be calculated as follows: 
D. Chattering phenomenon
The chattering phenomenon cannot be uniquely claimed as a desirable or undesirable effect. It results naturally from the introduction of the discontinuous control signal which gain is usually constant but its sign is being switched non uniformly during the control process. There are several techniques of the chattering suppression reported in literature on Sliding-Mode Control. The following section introduces the method chattering suppression techniques. The most common method is boundary layer solution. As a result, a continuous function around the sliding surface neigh-borhood is obtained as 
F. Proof of the Robustness
The most distinguish property of the variable structure control is the ability to provide the robustness to parametric uncertainty and external disturbances. The sliding surface will be affected by these disturbances. Thus, (15) should be rearranged as
represents system disturbances.
Simulation Results and Discussion
In order to verify developed control methods, several simulations have been carried out. Control strategies have been tested under steady state and transient conditions. The basic simulation parameters have been listed in table 2 and table 3 . Figure 6 (A and B) show the steady state operation for the two level voltage source converter (2L-VSC), using both those ST-DPC and CSF-ST-DPC control strategies. As can be observed the CSF-ST-DPC shows the best power quality (THDi=2.75%) and the minimum power ripple. The ST-DPC leads to a dispersed harmonic spectrum with a large THD of around 3.79% with considerable power ripple.
On the other hand, the CSF-ST-DPC shows a small tracking error, while the absolute tracking error in the ST-DPC case is large. Furthermore, the voltage ripple in the DC-link capacitor is clearly smaller with excellent closed loop control in the CSF-ST-DPC than the ST-DPC strategy. Figure 9 -10, the CSF-ST-DPC is clearly faster than the ST-DPC in power tracking task. The proposed scheme presents superiority in terms of a setting time, rise time and overshoot. Furthermore, there is no ripple of active and reactive power in the CSF-ST-DPC, whereas the ST-DPC shows a substantial perturbation in the reactive power behavior when active power changes are applied.
Connections and disconnections of large loads, and short circuits in the system can cause line voltage sags; it's the sudden drop of line voltage value. The influence of Line Voltage Sags operation of CSF-ST-DPC and ST-DPC approach under single and three phase voltage sags will be investigated. Figure 11 shows operation under line voltage sags. As it can be seen, line voltage sag, causes DC-link voltage drop. Next, DC-link voltage controller, trying to keep the set value of DC bus voltage. In the CSF-ST-DPC algorithm, the line voltage sag directly leads to a proportional increase of line current in order to keep the power requirements constant. Figure  11 (A) shows the line-phase estimation of the CSF-ST-DPC algorithm in the presence of a three-phase voltage sag between 1.52s and 1.58s. This control algorithm shows a similar behavior which is coherent with the fact that the three-phase balance is kept during the voltage drop. 
Conclusion
This paper has presented a sliding mode approach of direct power control for a Grid connected voltage source converter and operates with constant switching frequency using space vector modulation. The CSF-ST-DPC strategy, based on sliding mode control approach combined to conventional switching table DPC and space vector modulation module. System responses with the proposed CSF-SM-DPC method are validated via both simulations and compared with of conventional ST-DPC strategy. Simulation results confirm that the proposed strategy is more robust to step power variations and voltage sags operation than the conventional one do. The pretty well features of the proposed CSF-SM-DPC strategy are the excellent transient performance and the steady-state responses under the disturbances.
